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t i n t e rac t ion  between these  bodies and the  surrounding p a r t i c l e s  and t h e  e f f e c t  
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ELECTROMAGNETIC EFFECTS I N  THE NEIGHBORHOOD OF AN ARTIFICIAL 
SATELLITE OR A SPACECRAFT KOVING THROUGH TKE IONOSPHERE 

OR INTERPLANETARY SPACE 

I 

Pa. L. A1 'per t  

2 / 6 2 9  
The author discusses t h e  e f f ec t s  a r i s i n g  i n  t h e  neighborhood 

of a body moving through the ionosphere o r  t h e  interplane- 
~ 

, I I t a r y  medium, and t h e  nature of t h e i r  va r i a t ion  with growing 

i distance between t h e  body and Earth. The r e s u l t s  of the- 

I o r e t i c a l  ca lcu la t ions  of d i f f e ren t  disturbances are examined: I 
var ia t ion  i n  t h e  concentration and f l u x  of p a r t i c l e s ;  poten- 

t i a l  of t h e  body; sca t te r ing ;  e l e c t r i c a l  f i e l d ;  exc i t a t ion  of 

i I longi tudina l  plasma waves; evaporation. Certain published 
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I The complex whole of the effects  a r i s ing  around a body and the  properties 

'of t h e  media through which t h a t  body moves are extremely varied. What i s  more,' I 
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plasma whose physical parameters vary widely. It i s  expedient t o  subdivide it 
I 
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L : i n t o  regions according t o  the  var ia t ion  i n  t h e  na ture  of t h e  e f f e c t s  i n  t h e  

'neighborhood of t h e  moving body. 

,media are given i n  Table 1. 

I . 
The p r inc ipa l  physical  parameters of these  
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TABLE 1 

PRINCIPAL PARAfl'iETERS OF PLASEriA 

, 

i 
1 

1 
I 

I 

I 

i 

p a r t i c l e s  v s v  S c - 1  nn nil 

i Effec t ive  number o f  
el ec  tron col 1 i sions V e( n+l 

1 

Plasma frequency o f  e lec t rons  wolsec-' 

Plasma frequency of  iGi Q,, sec-1 
Magnetic f i e l d  tio, oe 
Larmor frequency of electrons %,sec- l  
L a m r  frequency of ions  i-41, sec - 1  

L a m r  radius o f  e lectrons , cm 

L a m r  radius of ions OH , c m  

Debye radius D, cm 

e 

1 

0.45 0 35 0.16 2 * 10-* 
7.5. 106 6.5. 10'' 3*1V 105 

2 .  102 2 -  102 8.101 101 

4 10 '-- 102 3 l  
5.102 8 * 102 103 104 105 

* 0.5 1 0.5 1 3 1 3.10 1 5.10  
11 I 
i I 

I I 
F i r s t  of a l l ,  we w i l l  i s o l a t e  the region of 250-400 km a l t i t u d e s ,  adjoinink 

I 
I l 
ithe p r i n c i p a l  maximum of t h e  ionosphere - medium I. Here, t h e  e l ec t ron  concen-1 

3 



I 

t r a t i o n  var ies  slowly with a l t i t u d e  and reaches, under d i f f e ren t  conditions, 

k z i m u m  N, = (1 - 5) 18 el/cm3 (Bib1.1). 

1 
The p r inc ipa l  dist inguishing fea tures  of media I1 and 111 are as follows, I 

ously. According t o  recent  f indings,  however, t h e  composition changes rapidly 

In t h i s  region of t h e  outer  ionosphere, most plasma parameters vary monoton- 

a t  a l t i t u d e s  of $00 - a 0 0  km. 

!of 700 - 1oOOlan; helium, at 1000 - 1200 km; and hydrogen, above a 0 0  km. 

' r e s u l t ,  on passage from medium I1 t o  medium 111, t h e  i o n  veloci ty  increases  rap 

' id ly ,  which i s  extremely important f o r  examination of t h e  e f f e c t s  w i t h  which we1 
I 

are concerned. 
I 
1 

1 Thus, atomic oxygen predominates a t  a l t i t u d e s  
I 

A s  a 

I 
1 

, I 
I 

The region of plasma near t h e  Earth, a t  d is tances  of 5 - 10 ea r th  r a d i i  
I 

I I 
j 

c 

,(I$,) f r o m  Ear th ' s  center  (medium I V )  h a s  a number of f ea tu re s  by which we may 

, c l a s s i fy  it as t h e  boundary portion of t h e  gas  envelope of t h e  Earth. 

panifests i t s e l f  ch ie f ly  i n  t h a t  t h e  e f f e c t  of t h e  Earth's magnetic f i e l d  i n  

j this region i s  s t i l l  appreciable. T h i s ,  i n  pa r t i cu la r ,  l eads  t o  t h e  formation 1 
/of r ad ia t ion  b e l t s ;  t he  e f f e c t s  with which we are concerned a r e  g rea t ly  a f f e c t e  

,by t h e  f a c t  t h a t  here the  pressure of t h e  magnetic f i e l d  b2//8rr s t i l l  exceeds 1 
I I I 

I 
1 ~ 

I 
T h i s  

t h e  pressure of t he  gas N9xT. 

I There e d s t  f e w  r e l i a b l e  da ta  on medium V. Note t h a t  t h e  values of t h e  

magnetic f i e l d  measured a t  those distances show t h a t  apparently there  Fb"/&rC 
r i  , ' 

t 

%xT, i.e., t h e  e f f e c t  of t h e  outer magnetic f i e l d  on p a r t i c l e  motion de- 
l 

b i  

creases markedly. No r e l i a b l e  da ta  on t h e  p a r t i c l e  temperature i n  t h i s  plasma 

;region a r e  avai lable ,  but t h e  f a c t  that t h e  thermal veloci ty  of ions  vi i n  me- 

dim V i s  severa l  times as high as 10" cm/sec can be used as basis .  

I 

' '  I 
I 

, L  I 
j /  A common fea tu re  of plasma is  the considerable length of t h e  m e a n  f r e e  1 

I 

of a l l  t h e  p a r t i c l e s  and t h e  rapid increase  i n  4, with increasing dis-1 
I 

' pa th  
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, 1 
1 

tance from t h e  Earth's surface;  throughout, C grea t ly  exceeds t h e  s i z e  of t h e  

noving bodies (Table 1) . 
lems requi res  a k ine t i c  approach based on Boltzmann equations. 

neut ra l  p a r t i c l e  concentration at  lower a l t i t u d e s  i s  high and considerably ex- 

ceeds t h e  e lec t ron  and ion  concentrations, co l l i s ions  between n e u t r a l  pa r t i c l e :  

and ions  are extremely rare. Therefore, t h e  influence of t h e  motion of neutra: 

p a r t i c l e s  on the  inves t iga ted  electromagnetic e f f e c t s  and co l l ec t ive  phenomena 

(electromagnetic waves and vibrat ions a r i s i n g  i n  t h e  presence of a charged gas: 

may be disregarded. 

ionized plasma. 

3000 km, when analyzing c e r t a i n  e f fec ts ,  co l l i s ions  between charged p a r t i c l e s  

must be taken i n t o  account. 

coll ision-f ree . 

Therefore, t h e  theo re t i ca l  so lu t ion  of d i f f e r e n t  pro1 

Although t h e  

The medium can be considered throughout as a completely 

In t h i s  connection, up t o  a l t i t u d e s  of approximately 1000 - 

Media I V  and V, however, may already be considerec 

~- - ~ 

A thorough inves t iga t ion  of t h e  e f f e c t s  i n  question here requi res  t h e  j o b  

so lu t ion  of k ine t i c  equations and Poisson' s equation. Here, t h e  mametic fielc 

markedly a f f e c t s  t h e  motion of charged p a r t i c l e s ,  so t h a t  t h e  Earth 's  magnetic 

f i e l d  must be taken i n t o  account i f  a cor rec t  p i c tu re  of a number of e f f e c t s  i; 

t o  be obtained. 

It i s  worth noting t h a t ,  apparently, t h e  medium i s  quasineutral  through- 

out ,  i.e., t h e  undisturbed concentrations of e lec t rons  and ions  are equal, 

U, - We a l s o  proceed f r o m  t h e  p r d s e  t h a t  t h e  unperturbed medium i s  i n  

quasithermal equilibrium, i.e., t h e  e lectron and ion  temperatures d i f f e r  littl 

This i s  highly s ign i f i can t  w i t h  respect t o  t h e  e f f e c t s  considered, s ince the  

Landau damping decreases i f  T, 3 Ti ,  which contr ibutes  t o  t h e  plasma insta-  

b i l i t y .  

C 

I n  theory, t h e  problem of invest igat ing electromagnetic e f f e c t s  i n  t h e  



I t 

neighborhood of bodies moving i n  a plasma, i n  a coordinate system moving to- 

gether with t h e  body, reduces t o  t h e  so lu t ion  of t h e  system of equations: 

- -  - -  ’ where fi (t, r, v) a d  fe (t, r, v) a r e  t h e  required p a r t i c l e  d i s t r ibu t ion  func- 
L -) 

” 
t i o n s  (Bibl.2, 3) .  

plasma i s  not perturbed, t h e  d i s t r ibu t ion  functions are maxwellian 

A t  s u f f i c i e n t l y  great  distances f r o m  t h e  body, where t h e  

) ,  

/ 

- I ~ 

Since t h e  e lectron ve loc i ty  ve = 12LtT/rn considerably exceeds t h e  ve loc i ty  
1 

J of t h e  moving body V,, t h e  e l ec t ron  d i s t r ibu t ion  around t h e  body may [apart  
, ’  

’ ‘ f r o m  i s o l a t e d  cases (7 11 k)], be described i n  t h e  quasistationary case by t h e  
> )  ’ 
’ >  14axwell-Boltzmann function 

1 :  

’ .  

If we consider only t h e  s ta t ionary state of these e f f e c t s ,  i.e., i f  we dia  

regard t h e  question of establishment of t h e  f i e l d  and concentration of t h e  par- 
t 

‘ t i c l e s  o r  t h e  question of t h e i r  s t a b i l i t y ,  as w e l l  as t h e  question of t h e  emis- 

I s i o n  of electromagnetic waves by t h e  body, then t h e  functions f e  and fi  are not 

Itbe-dependent and i n  eqs.(l) we wil l  have h f e / a t  = 0, h f i / a t  = 0. I n  inves t i -  

ga t ing  t h e  s t a b i l i t y  o r  emission, it i s  expedient t o  p e r f o m  t h e  examination ir 

a coordinate system t h a t  i s  f ixed with respect t o  t h e  body. 

! 
1 

) 

‘ -  

> I  

6 
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I The right-hand p a r t  of eq.( 1) contains c o l l i s i o n  i n t e g r a l s ,  i.e., func- 
I 

t i o n s  t h a t  t ake  account of t h e  influence of p a r t i c l e  c o l l i s i o n s  on t h e  d i s t r i -  

lbut ion functions. 

, t r a t i o n s  over distances commensurate with t h e  s i z e  of t h e  body, p a r t i c l e  col- 

l i s i o n s  may be disregarded, i.e., we may assume Yi = 0, Y e =  0. 

; ce r t a in  e f f ec t s ,  however, such as sca t te r ing  of radio waves i n  t h e  wake of t h e  

body, i n  which t h e  e n t i r e  region of perturbation pa r t i c ipa t e s ,  t he  consideratic 

of c o l l i s i o n s  i s  fundamental, s ince  it r e s t r i c t s  t he  divergence of t h e  corre- 

sponding variables. 

I n  a number of cases, e.g. when ca lcu la t ing  p a r t i c l e  concen- 

With respect t c  

I 

t 

To t h e  right-hand p a r t s  of t h e  k ine t ic  equations (1) we must a l so  add 

, funct ions t h a t  take t h e  boundary conditions at  t h e  body surface i n t o  account. 

,These functions should include a large set of e f fec ts  and describe t h e  nature 1 

4 

!of t h e  r e f l e c t i o n  o r  s ca t t e r ing  of p a r t i c l e s  by t h e  surface - t h e  re la t ionship  

;between t h e  corresponding d i s t r ibu t ion  functions. 

t h e  measure of t h e  absorption o r  neut ra l iza t ion  of charges, t h e  p a r t i c l e  accom- 

;modation, and the  'productionr' of p a r t i c l e s  due t o  evaporation o r  d i s in t eg ra t io  

,of t h e  body, owing t o  t h e  photoeffect, under t h e  ac t ion  of inc ident  fluxes, e t c  

Nany of these  e f f e c t s  are s t i l l  r e l a t ive ly  uninvestigated. I n  t h e  examination 

,of some of these e f f ec t s ,  t h e  r o l e  of bQundary conditions may be decisive, f o r  

'example, i n  t h e  problem of t h e  stabil i ty o r  emission of t h e  body. 

!hand, t h e  e f f e c t  of boundary conditions on radio-wave s c a t t e r  aga ins t  t h e  wake 

jof t h e  body i s  r e l a t i v e l y  inessent ia l .  

- ~~ 

Allowance must be made f o r  

I 

On t h e  other  
1 

I 

1 
S e c t i o n  2. Character is t ic  Properties of Bodies 

i 
~ 

l o c i t y  of a body (e i ther  s a t e l l i t e  or space rocket) receding from t h e  Earth (se 

I 

Consider t h e  nature of t h e  r e l a t ive  va r i a t ion  i n  t h e  dimensions and ve- 

7 



, 
b 'Table 2). Let t h e  l i n e a r  dimension of t h e  body be no - 13 cm. It should be 

~ 

, 1 

<borne i n  mind, however, t h a t  t h e  dimensions of t h e  instruments used (e.g. vari- 
d 

- 25 

5 ous kinds of probes) are of t h e  order of 1 - 10 cm, which i s  one o r  two or- 

de r s  smaller than t h e  dimensions of  t h e  body. 

,it i s  exactly t h e  l i n e a r  dimension of t he  instrument, r a t h e r  than t h a t  of t h e  

,body i t s e l f ,  which may play t h e  decisive role .  

,! 
I 

With respect  t o  ce r t a in  e f f ec t s  
\ 

1 

I 1 

, ' i  1 I 

I 
I 

, I  

TULE 2 
5 

, PRINCIPAL PROPERTIES OF BODIES 

- 10 

Parameters of 
Moving b d y  

I---- .- -- i o n s  v0/vi 
Ratio of  o0 to Debye radius @OD 

Ratio o f  %F0 to plasma frequency 
of ions  2nFJS2,  

Ratio of mFo to plasma frequency 
of e l ec trons  M J u 0  

Ratio o f  2TTFo to Larmor frequency 
of ions  277FO/$i 

Ratio of P 

o f  ions  D /pH.  
0 1  3at io  o f  P to Larmor radius 

of e l ec trons  p0/ql 
e 

to larmor radius 
0 - _  

I 

250-400 
'hledium I 

102 

[8 - 1I)*iO - 104  

8-11 

2 - 101 
10-2 

10-3 - 10-2 

3.102 

- 0.2 

- 30 

600-700 3000 
ledium I1 /Medium 1x1 

1 1 1  I 
10-2 I 10-2 

- 3 .  .- IV 
I 

( 5 ~ 1 0 ) R  
*m IS 

0.2 

3 

3 

3 ' 10-8 

-5.101 

I f f  

1 

;m 

tery 
edium v 

1 01 

2.101 

-2 .101 

< I  

2 

20 

IO-' 

- 105 

- IO-' 
0.1 

1 
A s  it recedes from t h e  Earth the space rocket o r  s a t e l l i t e  w i t h  a p r o l a t e  

I : 
" I 

b r b i t  l o ses  velocity, reaching approximately 2 X Id cm/sec in t he  interplan- 

etaq- medium (a t  100 &). 

mal veloc i ty  of t he  ions  owing t o  the  decrease i n  t h e  molecular weight of t h e  

T h i s  i s  accompanied by a rapid increase i n  t h e  the r -  

I 

8 
I 

I 



I 

par t i c l e s  and t h e  increase i n  temperature. Thus, while we have V0/vi 9 1 near 

t h e  Earth, i .e.,  a t  a l t i t udes  5 1000 - 2000 km, it appears t h a t  V0/vi - 1 a t  ai 

a l t i t u d e  of -3000 km and VO /vi 1 above that a l t i t u d e .  

Accordingly, i n  t h e  media I1 - I11 t h e  body moves a t  supersonic ve loc i ty  

with a high Mach number V0/vi . 
i t s  neighborhood. Since, however, the media considered a r e  not a ?'gas contin- 

uum'', t h e  e f f ec t s  a r i s i n g  here are not of a hydrodynamic nature. For example, 

no shock waves form ahead of t h e  body. The perturbed region is aft  of t h e  bod: 

and somewhat resembles a Mach cone; but t h i s  resemblance is purely formal, t h e  

perturbance being of a d i f f e ren t  nature and i t s  s t ruc tu re  being markedly de- 

T h i s  determines t h e  nature of t he  e f f e c t s  i n  

" l 

pendent on t h e  e l e c t r i c  f i e l d .  

lable here t o  employ hydrodynamic terminology such as Mach number, Mach cone, 

Therefore, t o  avoid confusion, it is  not advis. 

1 1  

_I e tc .  
( 1  

I 
On t r a n s i t i o n  from t h e  medium I1 t o  t he  medium I V Y  t h e  body passes througl 

a region where i ts  veloci ty  i s  commensurate with t h e  ion  velocity.  

of t h i s  case is the  most d i f f i c u l t  t o  invest igate ,  and t h e  experimental data  

The theory 
( 1  , 

7 

, avai lab le  f o r  these plasma regions also a r e  scarce. Lastly,  i n  t he  media I V  , 
,- and V t h e  nature of the  e f f ec t s  i n  t h e  v i c i n i t y  of t he  moving body i s  close t o  

> -  t h e  e f f e c t s  around a quiescent body, s ince there  V0/vi 

I 

I 

') 

1. I 
1 

I The magnetic f i e l d  exerts throughout a great influence on the  motion of 
il' I 

I particles i n  the  neighborhood of t h e  body. This influence,  however, apparentk 
> 

,diminishes on t r a n s i t i o n  t o  the  medium V. 

A s  t h e  body recedes from the  Earth, i ts  s i z e  a t  first grea t ly  exceeds the 

Debye radius ,  i .e.  PO % D, but subsequently P begins t o  approximate D. 

means t h a t  i n  t he  f i r s t  case (media I,  11) owing t o  Debye shielding, t h e  col- 

l e c t i v e  e f f e c t s  of t he  motion of charged pa r t i c l e s  are ac tua l ly  s ign i f i can t  a t  

T h i s  

3 - 

9 



my dis tance from t h e  body. In  regions 111 and I V  where ( r  - P O )  < D t h e  fide 

decreases i n  accordance with the  Coulomb l a w .  Thus, t he  media I, 11, I11 d i f -  

fe r  markedly w i t h  respect t o ,  f o r  example, t h e  d i s t r ibu t ion  of pa r t i c l e  concen- 

t r a t i o n ,  t h e  par t ic le - f lux  incidence on t h e  body as a funct ion of t h e  potential  

of  t he  body, e tc .  

Table 2 a l so  dis t inguishes  a th i rd  parameter - t he  r a t i o  of the  ve loc i ty  

o f  t h e  body t o  i t s  s i z e ,  VO/PO = Fo , which may be a c r i t e r i o n  of t h e  frequency 

of thaturaltt o sc i l l a t ions  of t h e  body and conditionally serve as a yardst ick of 

t he  ant ic ipated spectrum of osc i l l a t ion  frequencies and waves excited o r  e m i t t c  

i n  t h e  p l a sm by t h e  moving body. So far,  these questions have been relative12 

I ,uninvestigated. Therefore, t he  analysis  of t h e  ant ic ipated e f f ec t s  is based 
I 

- \  ' exclusively on var ia t iona l  equations. It i s  not impossible, however, t h a t  t h e  
i 

2 1  1 
frequency FO and the  degree of i ts  closeness t o  o ther  cha rac t e r i s t i c  plasma frc 

quencies plays a r o l e  i n  the  processes of exc i ta t ion  o r  s t a b i l i t y  of t h e  plasm i 

, i n  t h e  v i c i n i t y  of t h e  body. Table 2 ind ica tes  that the  %atural" frequency ol 

tthe body is commensurate w i t h  the plasma frequency of ions i n  v i r t u a l l y  a l l  of 

I 

I 
b 1 ~ 

i 

I 

' 
0 

I 

' '  t he  media considered. 

' 1  I 

) '  . 
The r a t i o  of the  dimensions of t h e  body t o  t h e  Larmor radius may, along 

!with t h e  pressure k2//81T, serve as another c r i t e r i o n  of t he  influence of t h e  

'ou ter  magnetic f i e l d  on the  e f fec ts  i n  t h e  neighborhood of t h e  body. Table 2 

;shows that, as far  as a distance of several  ear th  r a d i i ,  t h e  Iarmor radius of 
I 
\ e lectrons is  smaller than the  radius of t he  moving body. 

- ' I  , 
.- 

" 

1 
* ( '  i 

I Under these condi- 

I '  Itions, it is  e s sen t i a l  t o  t a k e  i n to  account t h e  influence of the  magnetic f ie lc  

I je.g. when calculat ing t h e  electron flux throughout t h e  neighborhood of t h e  bod: 
- i  
" 'As f o r  t he  Larmor radius of ions,  it is everywhere grea te r  than the  s i z e  of tht 

body and thus t h e  influence of t h e  ion precession on ion flux is l e s s  marked 

1 1  

I 

10 
I 



. -. 
I 

. close t o  t h e  dody. On t h e  o ther  hand, ion precession around the magnetic f ie1  

leads t o  a quasiperiodic extended s t ructure  of the  perturbation i n  ion concen- 

t r a t i o n  around t h e  body, which considerably in t ens i f i e s  t he  radiowave-scatter 

e f f e c t s  i n  the  wake of t h e  body. 

We have already pointed out  t he  important role t h a t  may be played by t h e  

e f f e c t s  occurring a t  t h e  boundary of the body and depending on i ts  veloci ty ,  

i t s  surface s t ruc ture ,  i t s  constituent matter, t he  propert ies  of t h e  plasma, a 

wel l  as on the  f i e l d  of emission and f luxes i n  which t h e  body is  moving. The 

influence of the  boundary manifests i tself  i n  a twofold manner, despi te  t h e  

, l a r g e  number of phenomena occurring in i t s  v ic in i ty .  
I \  

" I 

F i r s t ,  t he  d i s t r ibu t ion  function of t h e  pa r t i c l e s  incident  on t h e  body 

, ~ var i e s  i n  accordance w i t h  t h e i r  re f lec t ion ,  which a f f e c t s  t h e  nature of pa r t i -  

- I /  

jc le  d i s t r ibu t ion  i n  t h e  v i c in i ty  of t h e  body. Here, p a r t i c l e  re f lec t ions  of 

> -  d i f f e r e n t  types are possible: specular, i .e.,  without loss of velocity;  e l a s t i  

d i f fuse ,  i.e., without l o s s  of velocity but with an equiprobable var ia t ion  i n  

the  d i rec t ion  of  ve loc i ty  after scat ter ing;  i n e l a s t i c  ( accomda t ion )  , where 

' :  ~ , v e l o c i t y  is  lost and t h e  d i rec t ion  can be a rb i t r a ry ;  p a r t i a l  o r  t o t a l  neutral-  

\ I  ' i z a t i o n  of charged pa r t i c l e s  a t  the  surface,  e t c .  

' 8  

- '  

' ,  

> (  

Second, another group of effects  (evaporation from t h e  surface,  erosion 
> ,  

,due t o  col l is ions with pa r t i c l e  fluxes o r  with meteori t ic  matter, e lectron o r  

l ion photoemission, e tc . )  leads t o  the "production1* of new pa r t i c l e s  around the 

Ibody. 

I 
1 

,a  common kind, added correspondingly t o  t h e  right-hand pa r t s  of the  k ine t i c  

:equations (1) 

, I  

It is  convenient t o  describe both groups of e f f ec t s  by means of terms of 
I 

1 

' I  

L-- 
I !  l v -  

( 2  Ae, i (Fh ct, 5) 6 (S), 
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:where ?, defines  a point on t h e  body surface; and 5 are t h e  p a r t i c l e  veloc- i 

dties before and after co l l i s ion  w i t h  t h e  body, respectively.  Depending on the 

!physical statement of t he  problem, the functions & and Ai then assume one form 

,or another and may, i n  p r t i c u l a r ,  include severa l  terms each of which describe 

:processes of a d i f fe ren t  nature. 

eq.(3) character izes  the  f a c t  t h a t  the functions & and Ai are non-zero only a t  

Clearly, t h e  6-function 6 ( S )  enter ing i n  

the  surface of t h e  body. 

The physical meaning of t h e  functions A, and Ai is understandable: by def- 

, in i t ion ,  A 6 ( S )  with respect t o  dimension is  df /d t ;  therefore ,  
I 

I 5 Ad3v - J  

!represents t h e  var ia t ion  i n  t h e  number of pa r t i c l e s  (J cm-a sec-' ) per second 

over a unit surface area, due t o  t h e  influence of t he  body: owing t o  co l l i s ion  

,with its surface o r  owing t o  t h e  production of new par t ic les .  

bect ion 3 .  Disturbance i n  Pa r t i c l e  Concentration 
I 

1 

i 
! 

i 

A. Rapidly moving body, Vo /vi P 1. In  the  p l a sm regions where Vo /vi 9 1, 

!i.e., up t o  a l t i t u d e s  of -2000 h, the concentration i n  f r o n t  of t h e  body in- 

creases - a condensation region forms i n  f ron t  of t he  body (Bibl.2, 4, 5). 

'concentration N(r, 0 )  i s  max ima l  near t h e  very surface of t he  body and rapidly 
! 
1 
'decreases obeying the l a w  of 6N = (N - k ) - I&, ( ~ o / r ) ~ .  A t  a dis tance of sev- 

/era1 r a d i i  P from the body, N(r, e 1 no longer d i f f e r s  much from t h e  undisturbed 
i 
: pa r t i c l e  concentration Fk,. 

/considerably on the  sca t t e r ing  properties of t he  body surface.  

I The most typ ica l  and important feature  of t h e  disturbances N(?) is  the  for 

mation of an  extended wake a f t  of the  body i n  t h e  form of a zone of rarefact ior  

khe decrease i n  N(r) a f t  of the  body is a t t r ibu tab le  t o  t h e  e j ec t ion  of ions by 

The 
I 

i 

Naturally, N(?) i n  t h e  condensation region depends 
I 

i 

I 

12 



I t  

' ,  

!direction of t he  body with respect t o  t he  vector  of t h e  magnetic f i e l d  I-b. 

, e l e c t r i c  f i e l d  arises owing t o  the difference between t h e  electron and ion  tra- 

, jec tor ies .  

,able. 

An 

O f  course, t he  e f f e c t  of the body poten t ia l  rpo may a l s o  be consider- 
I 

Collisions between pa r t i c l e s  exert an  influence only a t  great  dis tances  
I 

t h e  l i n e a r  dimension of the  body, i .e.  a t  dis tances  where 

1 
I 

I l'l - PO, IrI < (vo/ui)po. I (4)  I 
I 

The far zone is t h e  region of the dis tances  I 
I (4 

I 

IF1 9 (T/'O/Vi)PO. 

Near zone. The d i s t r ibu t ion  of the  ion and e lec t ron  concentrations i n  t h e ,  

hear zone has been calculated while neglecting only the  e f f ec t  of t h e  e l e c t r i c  

f i e l d  on t h e  ion motion. 

i m r t i c l e  m t i o n  when t h e  mgnet ic  f i e l d  & = 0. > 1, t h e  e f t  

Tect of t he  magnetic f i e l d  on the  i o n  motion i n  the  v i c i n i t y  of t h e  body de- I 

:creases markedly. This gives reason t o  bel ieve that, a t  Vi/vi % 1, t h e  princi-  

pal propert ies  of t h e  concentration d i s t r ibu t ion  obtained f o r  neut ra l  pa r t i c l e s  

a t  I 
%he e f f e c t  of the  e l e c t r i c  f i e l d  i s  taken in to  account. 

Here, the  ion motion coincides with t h e  neutral-  & 
I 

I n  cases where 
, 

I 

I 
I I 

i 

I - PO a lso  apply t o  a large extent t o  ions,  i.e. , Nl (F) = n('F) even when 
I i Here, it i s  borne i n  

13 



pnind t h a t  t h e  body is not a r t i f i c i a l l y  charged t o  extremely high potent ia ls  cpo 

19 xT/e. 

1 

i ts  d i r ec t ion  of motion are important f ac to r s ,  as is spec i f i ca l ly  evident f r o m  

Pigs.1, 2. 

I 

I n  t h e  near zone, t h e  shape of t h e  body and i t s  posi t ion with respect t o  

Figure 1 shows the  l i nes  o f  equal values of t h e  r a t i o  of pa r t i c l e  

1.1 1.2 1.5 

0.9 
0.7 
0.5 
0.2 
0.5 

0.9 
0.7 

i 

~ Fig. 1 

i 
!concentration t o  undisturbed concentration [Ni ( r ,  e)]/NO f o r  a sphere (Bibl.5) 

~ n d  an e l l i p so id  (Bibl.6), while Fig.2 shows Ni (r, a)/b as a funct ion of Q / P ,  

phere zo is  the  distance from t h e  surface of t he  body and P is t h e  l i nea r  sca le  

of t h e  body along the  axis of i t s  m t i o n  (8 = 0). 

,+ken as t h e  P f o r  a sphere and a c i rcu lar  p la te ;  f o r  a square p la te  t he  l inear  

scale P = G, where ,S, is t h e  area of the  p la te ;  f o r  an  e l l i p so id ,  P = I ' P ~ P S  

I 

I n  Fig.2 the  radius po i s  
I 

I I 

> 



phere p 1  and 132 are i t s  semiaxes. Such a choice of P is  based on t h e  f a c t  that 
I 

ithe cross sec t ion  of t h e  body characterizes the  body shadow e f f e c t  (Bibl.2, 5). 

Figures 1, 2 ind ica te  that i n  t h e  near zone, i n  t h e  region of t h e  body shadow, 

,where s i n  8 < ?/r, t h e  particle concentration decreases and tends toward zero; 

t h e  angular va r i a t ion  i n  Ni (0 , r = const) is then  very rapid. This is evident 

f r o m  Fig.3, which shows t h e  angular dependence of Ni (8, r = const)  a t  d i f f e ren t  
1 
I 

Fig. 2 

dis tances  from t h e  surface of t h e  sphere ( so l id  l i n e s )  and t h e  e l l i p s o i d  (broke 

l i n e s ) .  

comparison, t h e  c i r c l e s  show t h e  r e s u l t s  of measurements of t he  r a t i o  between 

e l e c t r o n  f luxes  measured i n  t w o  mxtually perpendicular d i r ec t ions ;  t h e  corre- 

bponding experimental curve i s  displaced with respect  t o  i t s  calculated counter 
~ 

p r t s  and i l l u s t r a t e s  t h e  rapid t r a n s i t i o n  of Ni ( a )  (Bibl.7) (see a l s o  below). f 

I The e f fec t  of t h e  magnetic f i e l d  on t h e  d i s t r i b u t i o n  Ni (r), as was pointed 

The numerals denote dis tance expressed i n  r a d i i  of t h e  sphere. For 

j 
I 

I 

ou t  above, is  not appreciable i n  t h e  near zone. Calculations show t h a t ,  with-  

ou t  tak ing  i n t o  account t h e  e l e c t r i c  f i e l d  e f f ec t ,  t h i s  a l so  holds true even 

when Po/PWi - 1. It should be borne i n  mind, however, that i n  pr inc ip le  t h e  

1 5  



. .  

1 
;combined e f f ec t  of t he  e l e c t r i c  f i e l d  and t h e  ou te r  magnetic f i e l d  % may prove/ 

, to  be appreciable a l so  i n  t h e  near zone. Therefore, un t i l  t he  appropriate cal- 

culations are accomplished, any d e f i n i t e  conclusions on t h i s  matter would be 

;premature. 

,tained without taking in to  account the e l e c t r i c  f i e l d  a t  k f 0. 
I -, 

( 1  
Note t h a t  cer ta in  properties of t h e  d i s t r i b u t i o n  Ni (F) have been ob 

k 4  

' 

Fig. 3 

~ 

A s  t h e  distance f r o m  t h e  body increases the  d i s t r ibu t ion  Ni ( G ; ,  owing t o  
~ 

I I - , the  e f f e c t  of 6 , acquires a periodic s t ruc ture .  For example, when f I /  , f o r ,  I 

1 '  . I 

la sphere, the  s p a t i a l  period of Ni (;I equals 

I 

t 

A = 2~ (Vo 1 V&P*~.  

' )  1 Then, along the  axis of m t i o n  of t h e  body z, a t  8 = 0, 

i 

/whence it follows that, f o r  z / A  4 1, the mgne t i c  f i e l d  e f f e c t  vanishes and 

leq.(6) rigorously changes in to  a formula f o r  neut ra l  pa r t i c l e s .  
I 
VO I( & is i so la ted ,  then, i n  the  absence of co l l i s ions ,  t h e  disturbance 6N = 

= 

I I 

Since t h e  case 
I 

1 
i 

P- . 
I 

- I&, , as can be seen from eq.(6), does not decrease with distance from 
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I 

#magnetic f i e l d  and, i f  co l l i s ions  a r e  not taken in to  account, t h e  ra ref ied  zone 

0 j 

I 

\ ., , 

- )  disturbance i n  t h e  concentration of neutral  pa r t i c l e s  n(;) decreases i n  d i r ec t  

. 



t h e  ac t ion  of a su f f i c i en t ly  strong f i e l d  formed by the p o t e n t i a l %  of t h e  

body and t h e  a t t r a c t i o n  exerted by the ions,  as can be seen i n  Fig.& which 

gives t h e  l i n e s  of equal values of 6 N e / k  = [Ni (;I - F.& (;)I/& f o r  an e l l i p so id  

of revolution (Bibl.6). It should be kept i n  mind, however, that such a d i f -  

ference my apparently be appreciable only when t h e  po/D r a t i o  is not very high'. 

Various s tud ies  describing t h e  resu l t s  of l o c a l  measurements of the  con- 

centrat ion,  composition, and other  parameters of pa r t i c l e s  i n  the  neighborhood 

of a r t i f i c i a l  s a t e l l i t e s ,  performed wi th  d i f f e ren t  types of probes, c l ea r ly  in- 

d i ca t e  the  complex nature of t h e  behavior of t h e  var iables  measured. This i s  1 

par t i cu la r ly  re f lec ted  i n  t h e  wide spread of t h e  individual  measurements, due 

t o  the  sp in  of t he  body - t h e  var ia t ion i n  the  posi t ion of t he  instrument with 

respect t o  t h e  d i rec t ion  of the  velocity vector  vb .  

mental r e s u l t s  are analyzed without taking in to  account the  angular dependence ' 

Naturally, i f  t h e  experi- 
I 

of the  measured var iables  o r  t h e i r  dependence on t h e  dis tance from t h e  body, 

t h e  t r u e  picture  of t h e  s t a t e  of t he  unperturbed medium may be considerably dis-  

tor ted.  

dis tance function o f ,  f o r  example, par t ic le  concentration will make it possible 

On t h e  other  hand, a consistent analysis of t h e  angular function o r  

t o  determine d i f f e ren t  var iables  i n  the neighborhood of the  moving body with 

extreme accuracy. Wilmore e t  a1 (Bibl.7) give t h e  angular dependence of the  

r a t i o  between pa r t i c l e  fluxes, measured simultaneously by means of two probes. 

One probe was mounted d i r e c t l y  t o  the surface of t h e  a r t i f i c i a l  sa te l l i te ,  

while t h e  o ther  was extended a t  r igh t  angles t o  t h e  f i r s t  probe t o  a dis tance 

equal t o  3 - 4 r a d i i  p, from t h e  surface of t he  body. The r e su l t s  of t h e  mea- 

surement (see c i r c l e s  i n  Fig.3) f a i r l y  s a t i s f a c t o r i l y  confirm the  theo re t i ca l ly  

expected rapid angular var ia t ion  i n  concentration i n  t h e  region of t r a n s i t i o n  

f r o m  small t o  large values of Ne (7) These measurements, however, unfortunately 
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are not amenable t o  a more precise treatment, s ince the  two probes were located 

a t  d i f f e ren t  distances from the  body and i n  a zone where t h e  body shape exer t s  

an extremely great  influences.  

of t h i s  kind with a spher ica l ly  shaped body. 

It would be important t o  organize experiments 
I 

Far zone. For dis tances  9 (B /vi )p from t h e  body, t h e  problem of t h e  

d i s t r i b u t i o n  of e lectron concentration Ne (r) has been solved f o r  a sphere while; 

taking in to  account both t h e  e l e c t r i c  f i e l d  and t h e  outer  magnetic f i e l d  b. , 

The formulas f o r  t h e  disturbance bN, (F)  have been, however, derived i n  :-space,, 

i .e. ,  f o r  Fourier components of t h e  s p a t i a l  d i s t r ibu t ion  of e lectron concentra- 

t ion .  Specif ical ly ,  the  quant i ty  

has been calculated,  s ince f o r  NG t h e  solut ion of t h e  k ine t i c  equations (Bibl.2, 

8) can be reduced t o  f i n i t e  formulas. 

t e g r a l  (7) must be convoluted when u t i l i z ing  t h e  corresponding formulas f o r  N i .  

Such calculat ions are fa i r ly  complex and have been successfully performed only 

Therefore, t o  determine 6N, (r) , t he  in- 

f o r  t he  case b = 0. This makes it possible t o  determine t h e  e f f ec t  of the 

e l e c t r i c  f i e l d  on aN,, (F) and t o  show that the  l a t t e r  d i f f e r s  i n  ce r t a in  funda- 

mental fea tures  f r o m  t h e  corresponding d i s t r ibu t ion  i n  t h e  absence of that ef- 

fect (Bibl.9). Before describing these fea tures ,  it is expedient t o  p i n t  out  

ce r t a in  properties of t he  quant i ty  Ni that are s ign i f i can t  t o  t h e  problem of 

the  in t e rac t ion  between the  moving body and plasma. 

If b = 0, we have /L3 

0 Here it is important t o  consider that t h e  atnosphere contains l i g h t  ions 
(He+, H+). 



. -  

where 

and x is t h e  angle between { and the  veloci ty  vector  VO. 

In  eq.(8) t h e  e l e c t r i c  f i e l d  e f fec t  is  determined by the denominator [2 + 

+ iaQ(a)]. I n  f a c t ,  if t h i s  denominator is replaced by uni ty  and the  condition 

i s  s a t i s f i e d ,  it is possible that the  disturbance i n  e lec t ron  concentration i n  

t h e  far zone w i l l  be 

i .e . ,  it accurately coincides with the disturbance i n  t h e  neutral-par t ic le  con- 

centrat ion Sn(r).  Thus, condition (9) f o r  t he  far zone is a c r i t e r i o n  of t h e  
I 

V 
$= 4 

Fig .  5 

e f f e c t  of t h e  e l e c t r i c  f i e l d  and determines the region i n  which &Ne(;) closely 

coincides with 6n(r) .  

ins tead of eq. (10) 

Convoluting the complete expression (8) f o r  NG , we have 
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where t h e  exponent is replaced by the  function B(Vo/vi, e), expressed through a 

complex in tegra l .  Figure 5 shows the  numerical values of t he  funct ion B(Vo/vi, 

0 )  calculated with respect t o  two values of &/vi 

gular dependence of the disturbance i n  the  electron concentration 6Ne (F) has 

t he  following major features that distinguish it f r o m t h e  disturbance i n  neu- 

t r a l -pa r t i c l e  concentration. 

It can be seen that t h e  an-, 

F i r s t ,  maximum rarefac t ion  i s  obtained i n  t h e  v i c i n i t y  of a cone with an 

angle of convolution 

Second, along the  axis of motion of t h e  body, t he  ra refac t ion  decreases 

markedly compared w i t h  w h a t  takes place i n  t h e  case of neut ra l  par t ic les .  

Thus, the  e l e c t r i c  f i e l d  causes the  electrons t o  be focused around t h e  axis 
I 

Here, t h e  focusing e f f ec t  manifested i tself  i n  the  f a r  ' 

1 

of motion of t h e  body. 

zone owing t o  the  influence of a weak e l e c t r i c  f i e l d  on an equally small per- 

tu rba t ion  i n  the  concentration 6Ne (r). 
zone t h e  relative influence of t h e  e l e c t r i c  f i e l d  i s  less e s s e n t i a l  and does not 

a l te r  markedly t h e  angular dependence of N(r), s ince i n  t h a t  zone the  disturb- 

ance 6Ne ( r )  is  intense,  because Vo/vl 9 1. 

is t h e  right-hand part of t h e  v a r i a t i o n a l  equation describing t h e  propagation of 

ion-plasma waves (see Section 6) if the following subs t i t u t ion  is carried out  

I 

I 

It may be expected t h a t  i n  t he  near 

Note t h a t  t he  denominator i n  eq.(8) 

i*e . ,  i f  it is assumed that the  phase ve loc i ty  of t h e  plasma waves yph - & 
G - VO cos x. 

- 1, only ion-plasm waves with V,, - vi 

Since t h e  e l e c t r i c  f i e l d  e f f ec t  is  considerable f o r  (Vo/vl ) cos x rv 

c k can be a f a c t o r  i n  t he  formation 
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of a perturbation a f t  of the  body, i f  such waves are excited there .  In  t h i s  

formulation, t h i s  problem requires a special study. 

It has already been pointed out that t h e  determination of &Ne (r) requires  

not only taking in to  account t he  effect of t h e  magnetic f i e l d  but also calcu- 

l a t i n g  the  m r e  complex function of the type B[Vo/vi , [c, 70 11. 

time, it i s  expedient t o  examine the  spec ia l  fea tures  of t h e  var iable  N;, when 

I-k, f 0, which i n  themselves, without calculat ing the  i n t e g r a l  (?), reveal  im- 

portant properties of t h e  perturbation 6Ne (r). 

A t  t h e  same 

- 

Note f irst  of a l l  that, if  the e l e c t r i c  f i e l d  e f f ec t  is  not taken in to  ac- 

count, t h e  magnetic f i e l d  e f f e c t  vanishes when the  condition 

i s  s a t i s f i e d ,  where q 

t h e  condition (a), which characterizes a su f f i c i en t  smallness of t he  longitud- 

i n a l  wavelength component compared with P H ~ ,  is equivalent i n  a coordinate 

space t o  t h e  condition r/h 

i s  the  longitudinal component of 4. Thus, i n  <-space, it 

1, o r  

r< PHi ( VO ! v i ) &  (15) 

i .e., t o  a dis tance r su f f i c i en t ly  small compared with PH ~ (Vi /vi ) 

d i t i o n  (15) is exact ly  t h e  def in i t ion  of t he  near zone a t  I.b f 0, by contrast  

Here, con- 

with 

body 

de f in i t i on  (4) 

Further,  it i s  

and neglecting 

a t  Ho = 0. 

important t o  consider that, i n  longi tudinal  m t i o n  of t he  

the  e f f ec t  of the e l e c t r i c  f i e l d  on ion motion, 

1 
Qll (16) NP- - 

and tends toward inf in i ty .  As f o r  the divergence of Ni, t h i s  i s  per fec t ly  corn-' 

prehensible and equivalent t o  the  fact  (see above) t h a t ,  f o r  k 1 1  VO, when the  
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e f f e c t  of t he  e l e c t r i c  f i e l d  and of col l is ions is not taken i n t o  account, the  

d i s t r ibu t ion  Ne (F) - Ni (r) has a rigorously periodic s t ruc tu re  a f t  of t h e  body, 

a s t ruc ture  t h a t  does not change with increasing dis tance f r o m  the  body. The 

e l e c t r i c  f i e l d ,  on the  other  hand, upsets t h i s  per iodic i ty  even when co l l i s ions  

are not taken in to  account, which l e a d s  t o  a marked change i n  N i  and hence a l so  

i n  Ne (r). I 

O f  course, detai led calculat ions of t h e  i n t e g r a l  (7) f o r  t h e  case of &, 9 , 

f 0 will make it possible t o  determine a l s o  the  o ther  fea tures  of t he  perturba- 

t i o n  6Ne ( r )  i n  t h e  far zone. Even without rigorous calculat ions,  however, it 

can be established that 6Ne (r) - l/r by analogy w i t h  w h a t  i s  obtained f o r  6Ni (;) 

when t h e  e f f ec t  of t h e  e l e c t r i c  f i e l d  is  not taken in to  account. As i n  t h e  

case of & = 0, when the  e f f ec t  of the e l e c t r i c  f i e l d  on ion  motion i s  taken 

in to  account, the  expression f o r  Ng d i f f e r s  in that a n  appreciable denominator 

appears therein.  I n  fact , a t  & f 0, 

_ -  

where 

The denominator i n  eq.(18), expressed i n  the  form of an in t eg ra l ,  leads,  & 
i n  t h e  formula, t o  a variational equation describing t h e  ion-plasma waves f o r  

I-b f 0 and gives the  spectrum of ion-plasm waves (see Section 6 ) .  The ques- 

t i o n  of t h e  ro l e  of these waves i n  the '  formation of t h e  region of perturbation 

requires  a spec ia l  analysis. 

- 

One of the  most in t e re s t ing  and important propert ies  of t he  far  zone is  
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_ -  

t h e  sca t te r ing  of electromagnetic waves i n  that zone, due t o  the  disturbance i n  

the  electron concentration and hence a l so  i n  t h e  d i e l e c t r i c  constant (Bibl.10). 

Since t h e  wake of a rapidly moving body extends over a distance of t h e  order of 

t he  mean free path of t he  par t ic le ,  i .e. ,  g rea t ly  exceeds the  s i z e  of t h e  body 

and, owing t o  t h e  magnetic f i e l d  e f fec t ,  has a complex s t ruc ture ,  i t s  ef fec t ive  

sca t t e r ing  cross sect ion under cer ta in  conditions g rea t ly  exceeds the  sca t te r -  

ing on t h e  body i t se l f .  We shall consider b r i e f l y  the  e f f ec t  of t he  sca t te r ing ;  

of radio waves on t h e  wake of t he  body (Bibl.2, 8, 11). 

Scat te r ing  on t h e  wake of t h e  body. The d i f f e r e n t i a l  e f fec t ive  sca t t e r ing  

c m s s  sec t ion  due t o  the  i r regular  fonration 6N(';;) t h e  deviation of whose di-  

e l e c t r i c  constant is  small compared with i t s  undisturbed value, is described by' 

t he  Fourier component Nii [ cf .  eq. ( 7 ) ]  with the  a id  of t h e  formula 

where "0 is  t h e  plasma frequency of e lectrons;  Y1 i s  the  angle between the  elec- 

t r i c  vector  of t h e  incident  wave and the  wave vector of the  sca t te red  wave; dge 

def ines  t h e  proportion of t he  energy of t he  scat tered wave per un i t  so l id  angle 

do. The corresponding calculations reduce eq.(19) t o  a formula containing in- 

tegrals whicn a r e  not expressed through known functions. Therefore, an  analy- 

sis of do, requires numerical calculations.  

For I+, f 0, t h e  e f fec t ive  cross sec t ion  is a multilobed narrowly direc- 

t i o n a l  function with a pr incipal  maximum (Bibl.11) which is  sharply expressed 

and 

(6 
t h e  

reaches a par t icu lar ly  high value when the  body is  i n  longi tudinal  notion 

1 1  & ) , i.e., when t h e  angle between these var iables  is zero. 

d i r ec t ion  of t h e  pr inc ipa l  maximum i s  a mirror h g e  of t h e  d i rec t ion  of 

I n  t h i s  case, 

u, 



t h e  wave vector from k 
maximum; thus, f o r  a l t i t u d e s  of 300, 400, and 700 km t he  r a t i o s  between t h e  

s ide  maxima and the  main maximum a t  a frequency lo' (A = 30 km) are:  

The s ide  maxima of do, are much smaller than i t s  main 

The s ide  maxima are displaced with respect t o  t h e  main maximum by the  

angles 9 = 5, 9 ,  19 . . , while the  width of t h e  m i n  maximum A9, - (1 - 1.5)" 

Thus, s ca t t e r ing  due t o  t h e  wake of the body is  chief ly  determined by t h e  main 

maximum and w i l l  be considerable if the angle CY between 70 and 

than o r  of the  order of t h e  width of the main maximum. 

is smaller 

A t  CY > A%,, the quan- 
I 

t i t y  do, decreases i n  proportion t o  the r a t i o  of t he  s ide  maxima t o  the  main 

maximun. 

The ef fec t ive  cross sec t ion  f o r  t h i s  range of a l t i t u d e s  of t he  ionosphere 

increases with a l t i t u d e  owing t o  t h e  e f f ec t  of t h e  decrease i n  t h e  number of 

co l l i s ions ,  which o f f s e t s  t he  e f f ec t  of t he  decrease i n  t h e  electron concentra- 

t i o n  and reduces do,. As t h e  wavelength increases,  doe rapidly increases. Both 

funct ions are shown i n  Fig.6 f o r  a sphere with the  radius p 0 =  1 m; t h e  same 

diagram a l so  shows the  r a t i o  do,/dao a s  a function of the  e f f ec t ive  sca t t e r ing  

cross sec t ion  of a metal sphere of the same s ize .  It can be seen that t h e  & 
e f fec t  of wake-induced sca t t e r ing  exceeds that of the sca t t e r ing  due t o  the  body 

i tself  by a f a c t o r  of several  hundred. However, it manifests i t se l f  a t  the  ob- 

servat ion p i n t  i n  the  form of a s u r p ,  br ief  (one second o r  l e s s )  burst .  There- 

f o r e ,  t h e  sca t t e r ing  e f f e c t  can be experimentally detected only under d e f i n i t e  ' 

conditions and requires a precise  organization of the experimental setup. 

periments of t h i s  kind a r e  a l s o  of fundamental i n t e r e s t ,  i n  pa r t i cu la r  as a 

Ex- 

method of ver i fying t h e  completeness of t h e  theory of t h e  in te rac t ion  between 
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. t h e  mving  body and t h e  plasma. 

Assuming that & = 0, the  calculation of do, i s  simplified.  The width of 

t he  sca t t e r ing  region, under t h e  above conditions reaches 10 - 12 , i.e., it i s  

10 and mre times as wide as t h e  main lobe of do, f o r  & f 0. When PO - 18 cm, 

do, is less than t h e  doo of t h e  sphere i t s e l f ,  and only i n  the  case of small 

bodies (PO 5 50 cm) does do, exceed duo by 10 o r  more times. 

Fig.6 

B. Quasiquiescent body, &/vi @ 1. The properties of t he  neighborhood of 

a body moving i n  plasma, as e d n e d  above, apply near t h e  Earth,  apparently up 

t o  a l t i t u d e s  of -1500 - 2000 km. Upward of these  a l t i t udes ,  the  case Vo/q  - 1 

gradually begins t o  preva i l  and the  nature of t he  perturbation i n  pa r t i c l e  con- 

cent ra t ion  becomes d i f f e ren t  . Moreover, i n  those regions, PO /D decreases rap- 

i d ly ,  i .e.,  t h e  s i z e  of t he  body becomes commensurate with the  Debye radius and 

t h e  poten t ia l  of the  body exerts an  appreciable influence. Further,  t he  r a t i o  

P O / P H ~  gradually approaches unity,  which alters t h e  e f f ec t  of t h e  magnetic 

f i e l d  on t h e  electron motion. 

t i o n  region f o r  which it is d i f f i c u l t  t o  r e f ine  the theory. 

Thus, t h e  medium I11 (see Table 2) i s  a t rans i -  
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_ .  . 
A t  distances of ( 5  - 10) and more ear th  r a d i i  (media I V  and V) there  exist 

conditions mre amenable t o  theore t ica l  calculat ion,  There, 

The body may be considered at rest and t h e  influence of i t s  p o t e n t i a l %  

by then i s  decisive f o r  a number of phenomena. 

So far, however, t heo re t i ca l  calculations f o r  VO/V 1 have been performed 

only with respect t o  cases of la rge  (PO/D 3 1) and small ( P O / D  4 1) bodies in 

the  absence of a magnetic f i e l d  (& = 0) (Bibl.2, 13, a). The corresponding 

results apparently may serve t o  describe t h e  e f f ec t s  ant ic ipated i n  the  plasma ~ 

of t h e  type of media IV and V. 
I 

The d i s t r ibu t ion  of charged par t ic le  concentration N(F) around a quasi- 

quiescent body i s  determined by t h e  value 'po and by the  nature of the  poten t ia l  

d i s t r ibu t ion  y(?) of t h e  body; the re f lec t ing  properties of the  body surface , 

, 

itself are a major f a c t o r  here. 

tween e lec t ron  d i s t r ibu t ion  Ne (;) and ion  d i s t r ibu t ion  Ni (;). 

The quantity cpo determines t h e  difference be- 

With respect t o  t h e  nature of t r a j ec to r i e s  of charged pa r t i c l e s ,  which de- 

pend on the  t o t a l  p a r t i c l e  energy a t  a given p i n t ,  i .e.,  on e = Mv2/2e+ q ~ ( ; ) ,  

two types of pa r t i c l e  motion appear around t h e  body: f i n i t e  N fin and i n f i n i t e  

N i n f  Thus the  concentration m 

F i n i t e  par t ic les .  A par t i c l e  i s  termed f i n i t e  if it i s  i n  a closed o r b i t  

Such an o r b i t  may a r i s e  i f  e = Mva/2 + q(?) < 0 i n  the  case around t h e  body. 

of a gravi ta t iona l  potent ia l :  positive f o r  e lectrons and negative f o r  ions. 

Since a body roving i n  the ionosphere and i n  the  interplanetary medium i s  pre- 

27 



dominantly negatively charged, most of t he  f i n i t e  par t ic les  are ions. The 

formation of f i n i t e  o r b i t s  i s  mainly based on in te r -par t ic le  co l l i s ions ,  s ince 

t h e  pa r t i c l e s  incident on t h e  body cannot be trapped in to  t h e  o r b i t s  winding ' 

around t h e  body, without re leasing t h e i r  energy. 

t h e  pa r t i c l e s  incident on t h e  body a re  absorbed by i t s  surface without being 

re f lec ted  f r o m  it. 

I n  the  absence of co l l i s ions ,  

The concentration of f i n i t e  par t ic les  may grea t ly  increase around the  body, 

s ince they gradually accumulate there .  Thus, i n  t h e  case of an equilibrium 

d i s t r ibu t ion  

and i f  I erpI 9 KT, t h e  concentration N f i ,  9 No 

I n  most of t he  cases of i n t e r e s t  here, the  calculat ion of N f i ,  i s  extremew 

complicated. The r e s u l t s  obtained f o r  e lectrons a t t r ac t ed  t o  an absorbable 

Coulomb center, i f  they co l l ide  with neut ra l  pa r t i c l e s ,  m y  up t o  a p i n t  char- 

a c t e r i z e  t h e  expected perturbation i n  t he  v i c i n i t y  of t h e  body due t o  f i n i t e  

par t ic les .  

have 

A t  d is tances  r > 2/M/mp0 from the  body, i.e.,  near i t s  surface,  we 

a t  y ( r )  = Q/r, where Q i s  t h e  charge of t he  body. 

t h a t ,  f o r  ley1 - 2KT, t h e  concentration N f in exceeds t h e  undisturbed p a r t i c l e  

Equation (23) indicates  

concentration by a f a c t o r  of nearly 4. 

In f in i t e  pa r t i c l e s .  Lf the  pa r t i c l e  energy E at  a given p i n t  near t h e  

body is  m2/2  + e'p(F) > 0, then t h e  p a r t i c l e  cannot revolve about the  body and 

only i n f i n i t e  t r a j e c t o r i e s  w i l l  form. The boundary l i n e  between t h e  f i n i t e  and 
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i n f i n i t e  pa r t i c l e  regions depends la rge ly  on ;p(r) and is  determined by the  ve- 

l o c i t y  boundarg value which, i n  turn,  depends on the  spec i f i c  conditions. 

t h i s  connection, t he  f i e l d  may be e i t h e r  a t t r a c t i n g  o r  repe l l ing .  

I n  

Depending on 

the  s ign  of t he  poten t ia l  we will denote the  inf ini te  pa r t i c l e s  by e i t h e r  N I B ,  + 

- 
o r  N i n i  

cases: small (po/D 

and we w i l l  now examine the  concentrations of these pa r t i c l e s  f o r  two 

1) and large (Po/D B 1) bodies. 

For a small non-absorbing quiescent body (VO = 01, t he  concentration of 

a t t r a c t i n g  pa r t i c l e s  a t  distances of l e s s  than the  Debye radius f r o m  the  sur- 

f ace  of t h e  body, where the  potent ia l  fa l ls  close t o  t h e  Coulomb l a w  q ( r )  = 

= cpo ( p o / r ) ,  w i l l  be 

where H(x) is t h e  probabi l i ty  integral .  

reckoned from the  center of t he  body. 

= Q/r, we have 

Here and below, t h e  dis tance r is  /18 
For a Coulomb center,  a t  PO 0 and q ( r )  = 

For repelled pa r t i c l e s  we have, i n  place of eqs. (a) and (Ua) , correspnd-  

i W Y  
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The curves of N ' / b  and r/l.b as a function of ( r  - PO )/PO f o r  PO /D = 

= 0.07 < 1 are given i n  Fig.7 f o r  t w o  values of t h e  body poten t ia l  1 %  I / H T  = 2 

and 10. 

increases ,  while the  concentration of repel led pa r t i c l e s  (electrons) decreases. 

For t h e  Coulomb center,  t h e  increase i n  N i n r  

of f i n i t e  s ize .  

+ 
Near the  body the  concentration of a t t r ac t ed  pa r t i c l e s  N t n i  markedly 

is greater  than f o r  a smll body + 

Thus, a t  I erpo I /KT > 1, eq. (2.4~~) implies t h a t  

t 
and, a t  I erpo I/HT - 10, the  r a t i o  N i n r  /& - 4. 

I n  t h e  presence of low veloci t ies ,  when VO/V! < 1 but i s  non-zero (see 
+ Bibl. l6),  t he  pa r t i c l e  concentration Ni , 

Coulomb center as i n  t h e  case of a rapidly moving body but r a the r  increases.  

Thus, a t  Vo/vi 4 1 and IecpoI/xT B 1, we have 

does not decrease i n  t h e  rear of t h e  

where i3 is t h e  angle between the  radius vector r and the  v e h c i t y  vector Vo. 

The explanation i s  that, a t  a suf f ic ien t ly  la rge  poten t ia l ,  the  pa r t i c l e s  a r e  

drawn toward t h e  aft region of the body. 

possible f o r  large bodies but then i n  t h e  presence of a very la rge  poten t ia l  rpo. 

I n  pr inciple ,  t h i s  effect i s  a l so  

+ 
Around the  absorbing body, t h e  concentration Ni , i s  determined by a more 

+ 
complex formula than eq.(&); we w i l l  not give it here. 

decreases t o  half when r + PO 

Near t h e  body, N,, ,  
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/19 A comparison of eqs . ( 2 3 )  and (24) shows that when I erpo I /HT 9 1, the  

concentration of f i n i t e  pa r t i c l e s  exceeds that of t he  i n f i n i t e  par t ic les :  

For a large body, two zones i n  its v i c i n i t y  are essent ia l :  t he  zone of a 

s t rong  e f f ec t  of Debye shielding which leads t o  the  formation of a boundary 

layer  i n  which t h e  quasineutral i ty  of plasma is disturbed, and the  zone beyond 

the  confines of the  double layer .  Normally, when the  poten t ia l  of the body i s  

not  t 1 

Fig. 7 

rge, the  double layer  is of t h e  order of D,  i.e., much smaLer than 

t h e  radius  of the  body; it i s  important t o  bear i n  mind, however, that about t h e  

very surface of the  body, suf f ic ien t ly  close t o  it, the  nature of the var ia t ion  

i n  p a r t i c l e  concentration may d i f f e r  s t rongly from the  concentration beyond t h e  

limits of the  double layer. This is  par t icu lar ly  important f o r  bodies w i t h  

high poten t ia l s  when t h e  double-layer zone is of t h e  order of PO Accordingly, 



, 

t 

as i n  t h e  case of a rapidly moving body, it is expedient t o  examine the  near 

zone - a region of a thickness equal to  t h a t  of t h e  t r a n s i t i o n  layer .  For 

f a i r l y  low potent ia ls ,  t he  near zone is determined by the  dis tance ( r  - P O )  - D. 
For t h e  poten t ia l  

which i n  t h i s  case is  the  c r i t e r ion  of a high potent ia l ,  t he  near zone i s  de- , 

f ined  by t h e  dis tance ( r  - PO 1 - PO 

by the  dis tances  r - PO > D o r  r - po 2 PO The pa r t i c l e  concentrations i n  both 

zones are determined by means of t he  same formulas but f o r  d i f f e ren t  l a w s  of 

va r i a t ion  i n  cp(r) with distance. 

The far zone i s  correspondingly defined 

The following formula f o r  i n f i n i t e  par t ic les ,  which provides a good a p  , 

proximation, has been derived f o r  t he  concentration of a t t r ac t ed  pa r t i c l e s  

where 'pi (r) i s  t h e  poten t ia l  a t  the  double-layer boundary. 

For the  concentration of repelled pa r t i c l e s ,  we have 
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I n  t h e  near zone, eqs.(30) and (31) are considerably simplified. L a  
A major problem is t o  calculate  t h e  q ( r )  funct ion about t h e  body i n  both 

The r e s u l t s  of numerical integration of y ( r )  i n  t he  near zone f o r  zones. 

I etpo l/nT = 10 and the  values of t h e  concentrations of i n f i n i t e  pa r t i c l e s  deter-  

mined by means of rp(r) f o r  t h e  potent ia l  q / n T  = 10 are given i n  Fig.8. 

presents t h e  corresponding findings f o r  t he  far zone. 

cp(r) and N f n i  osculate a t  t h e  double-layer boundarg. 

Fig.9 

Naturally, t h e  curves of 

Figure 8 shows t h a t ,  i n  

Fig.8 

t h e  near zone, t he  concentration not only of t he  repelled but a l so  of the  at- 

t r a c t e d  pa r t i c l e s  decreases. 

a t t r a c t e d  par t ic les  i n  t h e  double layer increases,  while t h e i r  f lux is  pre- 

served, which leads t o  a decrease i n  p a r t i c l e  concentration. 

a very high body potent ia l ,  sa t isfying the  c r i t e r ion  ( 2 9 ) ,  t h e  d i s t r ibu t ion  of 

a t t r a c t e d  pa r t i c l e s  i n  t h e  near zone’is more complex, but N i n i  

than t h e  undisturbed pa r t i c l e  concentration. 

This is due t o  t h e  fact t h a t  t h e  ve loc i ty  of t he  

I n  the  presence of 

+ i s  also smaller 
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The nature of the  concentration d i s t r ibu t ion  var ies  considerably around a 

completely r e f l ec t ing  body. In  the  presence of absolute r e f l ec t ion ,  t h e  con- /21 

- 

Fig. 9 

cent ra t ion  may increase sharply i n  the immediate v i c i n i t y  of t h e  body. 

Fig.10 t h e  r e su l t s  of calculations f o r  Iecpo}/xT = 5 and 10 are given, when t h e  

In  

D 
I I -  

Fig. 10 

r e f l e c t i o n  f a c t o r  is  close t o  unity.  

i n  r e a l i t y .  

Apparently t h i s  case is r a re ly  encountered 

Intermediate cases, i .e. ,  cases of partial r e f l ec t ion  and absorp- 
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t i o n ,  however, ac tua l ly  occur, which greatly complicates t he  processes about 

t h e  body. 

It can be seen from the above discussion that t h e  charged p a r t i c l e  con- 

centrat ion i s  g rea t ly  disturbed i n  the  v i c i n i t y  of t h e  spacecraft  o r  a r t i f i c i a l  

sa te l l i t e ,  even a t  la rge  distances f r o m  the  Earth (media I V  and V) ,  where 

V0/vi Q 1. The nature of t h e  ion  concentration d i s t r i b u t i o n  d i f f e r s  markedly 

Fig. 11 

from t h a t  of t h e  electron concentration d is t r ibu t ion .  The former par t ic les  are 

repel led from the  body and move only in  i n f i n i t e  t r a j e c t o r i e s ,  while t he  la t ter  

a t  t h e  same ins tan t  a r e  a t t r ac t ed  and have both f i n i t e  o r b i t s  and i n f i n i t e  tra- 

j ec to r i e s .  No doubt, t he  real picture i s  even more complex; f o r  example, an 

anisotropy should arise i n  t h e  par t ic le  d i s t r ibu t ion ,  owing t o  the  e f f ec t  of 

t h e  E a r t h f s  magnetic f i e l d ,  and a number of other  f ac to r s  as w e l l  should be 

present,  par t icu lar ly  those r e l a t ing  t o  t h e  e f f ec t  of the  shape of t h e  body. 

In conclusion, it is worth noting the  following: The pa r t i c l e  d i s t r ibu t ion  

in t h e  v i c i n i t y  of the body sets i n  rapidly, so tha t  tne perturbation is  en- 

t r a ined  by the  body and i ts  nature changes slowly i n  accordance with the  changes 

i n  external conditions. This means tha t  if a device smaller than the  body, such 

as a particle-capturing probe, is located near t h e  body, it w i l l  co l lec t  t h e  

p a r t i c l e s  i n  the amounts i n  which they are present near t h e  body and record t h e  

s ta te  of the  perturbed region ra ther  than t h a t  of t he  unperturbed medium. 

pending on the  design and posit ion of t h e  device with respect t o  the  body, there 
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may arise a na tura l  perturbation i n  the neighborhood of the device i t s e l f ,  

which will fu r the r  complicate t h e  overa l l  picture.  

Section 4. Par t ic le  Flux i n  t h e  Vicinity of t h e  Body 

The question of t he  pa r t i c l e  f l u x  about an a r t i f i c i a l  sa te l l i t e  occupies 

an important place i n  t h e  problem under consideration. This is  due t o  t he  f a c t  

that various devices used f o r  invest igat ing unperturbed plasma a r e  based on t h e  

particle-capture pr inciple ,  i.e., on measurements of t he  t o t a l  pa r t i c l e  f lux ’ 

I = 5 jds, 

where t h e  f lux densi ty  per u n i t  area a t  any p i n t  on the  body surface is  

I n  eq.(32), t h e  integrat ion is performed over t h e  e n t i r e  surface of t h e  

body (or  probe). 

point on the surface while f ( G )  is t h e  d i s t r ibu t ion  function. 

the  flux, the  f lux densi ty  m u s t  be computed, i.e.,  it i s  necessary t o  solve the  

system of equations (1) and derive the d i s t r ibu t ion  function on taking in to  ac- 

count t h e  poten t ia l  d i s t r ibu t ion  cp(r) about t h e  body and t h e  constant magnetic 

f i e l d  & . 
been calculated.  

ce r t a in  r e su l t s  have been obtained with respect t o  a series of par t icu lar  cases. 

I n  eq.(33), v,, is t h e  normal ve loc i ty  component a t  a given /22 
To ca lcu la te  

So far however, the  flux density with respect t o  f 0 has never 

On taking in to  account t h e  e f f ec t  of cp(F), on the  o ther  hand, 

A .  Rapidly moving body, VO /vi 3 1. The simplest conditions exist, ahead of 

a rap id ly  mving  body with respect t o  ions,  i.e., i n  media of t h e  types I and 

11, s ince  there  t h e  k ine t i c  energy of a pa r t i c l e  i n  the  incident f lux Mvi2/2 9 

9 ecp(r). I n  t h i s  case the  ion flux nearly coincides with the  neut ra l  p a r t i c l e  

flux. Therefore, subs t i tu t ing  t h e  Maxwell d i s t r ibu t ion  function (2) i n  eq. (33), 
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we have 

where a0 is  t h e  angle between t h e  veloci ty  and t h e  normal t o  the surface 

(Fig.11). Equation (34), s t r i c t l y  speaking, is  va l id  until 

Therefore, i n  place of eq.(34), w e  have t h e  simple formula 

ji A’OVo COS 60. ( 3 6 )  

Usually it i s  exact ly  eq.(36) tha t  is used f o r  analyzing experimental data. 

For t o t a l  flux, eq.(3l+) is  integrated over t h e  probe surface; f o r  a sphere w e  

have 

provided t h e  condition V0/vi 9 1 sa t i s f i ed .  

The f lux of t he  ions re f lec ted  from t h e  leading edge of t he  body may be de- 

termined i n  the same manner as f o r  neutral  pa r t i c l e s ,  on merely taking in to  ac- 

count t h e  difference between the  re f lec t ion  f ac to r s  of ions and neut ra l  part- 

i c l e s .  

e.g. i n  t h e  case shown i n  Fig.11, i f  t h e  shadow e f fec t  of a small body ( s i n  CY < 

< vi /Vi ) i n  t he  region (abc) is  neglected, we have 

I n  the  case of mirror ref lect ion from t h e  f r o n t  surface of t he  body, 

j i r  cx V o n T l  (7) COS O,, (37) 

wherea,  is the  angle between the  normal t o  the  surface of the  small body and 

t h e  ve loc i ty  Vo, while Nl (F) is t h e  ion concentration a t  t h e  investigated point 
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of t h e  region (abc), obtained i n  the  absence of a small body (Bibl.15, Fig.1). 

Taking t h e  shadow e f fec t  i n t o  account, i .e. a t  s i n  a 2 vl/V0, t h e  concentration 

of re f lec ted  par t ic les ,  of course, Will a l s o  decrease a t  t h e  point b, f o r  ex- 

ample, while maintaining the  condition (Va /vi ) cos 8 9 1 we obta in  

vo 
jir N VoNi (t) erp[ -( -) V i  sin2 a] , (38)'  

i .e.,  t he  f lux densi ty  is  exponentially small. 

tenuation of t h e  f lux i n  the  shadow zone w i l l  be present i f  t he  body surface 

does not r e f l e c t  par t ic les .  Hence it is  c lear  t h a t  a formula of t he  type of 

eq.(36a) f o r  t o t a l  f lux m u s t  be used with great caution. 

An analogously exponential at- 

A f t  of the  mving  body, i . e . , i n t h e  zone of rarefact ion,  the  e f f ec t  of t h e  

d i s t r ibu t ion  cp(r) becomes e s sen t i a l  t o  calculat ing the  i o n  f lux,  and the  neut ra l  

p a r t i c l e  formulas are no longer applicable. For neut ra l  pa r t i c l e s ,  eq. (34)  can 

be replaced, a f t  of t he  body, by /23 

i.e., t he  f l u x  is exponentially small. 

The e lec t ron  flux ahead and, partly,  a f t  of t h e  body must be calculated as 

f o r  a quasiquiescent body, s ince V0/vi 1. 

B. Quasiquiescent body, Vo/vl < 1. If the  f i e l d  is absent and the body is 

of the  absorbing kind, then we will have, as f o r  neut ra l  pa r t i c l e s ,  
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t NO Ne 
Vir  j o e  = - f o c  = I n  = - 

21; 21; I ' 

which i s  readi ly  derived, i n  par t icular ,  from eq. (34) 

If the  f i e l d  is present, t h e  flux of both f i n i t e  and infinite pa r t i c l e s  

must be taken in to  consideration. The r o l e  played by the  former, however, is 

minor about t h e  absorbing body, s ince f i n i t e  o r b i t s  in te rsec t ing  t h e  body are 

absent. 

' 

I n  prac t ice  t h i s  case is  of ten the  most in te res t ing .  A s  f o r  t h e  body 

i tself ,  it may be e i t h e r  a t t r a c t i n g  o r  repel l ing.  Therefore, i n f i n i t e  pa r t i c l e s  

of both kinds must be taken in to  account. The f l u x  of repelled pa r t i c l e s  is  

readi ly  calculated,  s ince i n  t h i s  case t h e  Maxwell-Boltzmann d i s t r ibu t ion  ap- 

pl ies .  

which MV2/2 5 ecp(F) a t  a given p i n t  r. 
Repulsion r e su l t s  i n  cutoff of t h e  region of t he  pa r t i c l e  spectrum f o r  

To sum up, t h e  flux of repel led in- 

f i n i t e  pa r t i c l e s  is  smaller than t h e  flux & a t  cpo = 0 ,  namely, 

The grea tes t  contribution t o  t h e  f l u x  is  thus made by the  a t t r ac t ed  in- 

+ f i n i t e  par t ic les .  The calculat ion of j inf  requires a rigorous so lu t ion  of the  

system of equations (1). For a quiescent sphere, the  densi ty  of t h e  f lux of 

i n f i n i t e  pa r t i c l e s  is 

Here, $&, i s  the  asymptotic value of t h e  poten t ia l  q ( r )  a t  la rge  dis tances  

from t h e  body; r, i ,, and r,,, a r e  cer ta in  cha rac t e r i s t i c  distances that depend 
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on the  poten t ia l  d i s t r ibu t ion  i n  t h e  v ic in i ty  of t he  body and hence depend on 

the  distance.  

not given here. 

They a r e  determined by means of d i f f e r e n t i a l  equations which are 

Thus, it is obvious t h a t  t h e  calculation of t h e  flux of a t t r ac t ed  i n f i n i t e  

pa r t i c l e s  is extremely laborious. The r e su l t s  of such calculations f o r  ce r t a in  

spec i f i c  cases are presented below. 

For a small body (Po/D Q l), eq.(43) can be used t o  d i r e c t l y  derive a 

simple formula f o r  t he  flux on a spherical  body, which appl ies  rigorously only 

when the  poten t ia l  of t he  body i s  not too large.  If 

then  

Equation (45) coincides w i t h  the  Langmuir and Mott-Smith formula which is  

of ten used t o  analyze the  r e su l t s  of measurements. 

limits of i t s  appl icabi l i ty .  

long as the  poten t ia l  of t h e  body 

Equation (43) gives the  

I n  practice,  eq.(43) i s  val id  f o r  po/D < 1 so 

If a c r i t e r ion  inverse t o  eq.(47) i s  s a t i s f i e d ,  i .e.,  f o r  very large body 

poten t ia l s ,  t h e  f l u x  of a t t r ac t ed  i n f i n i t e  pa r t i c l e s  will increase grea t ly  

Thus, f o r  Iecp,I/xT (po/D)' = 5 the  r a t i o  Jint+/J0 = 40 (!), if Po/D = 1-3. 
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Note t h a t  i f  the  ve loc i ty  of 

flux [cf .  eqs. (45) and (46)l 

the  body Vo Q vi but is  not exact ly  zero, t he  t o t a l  

is correct within a small correction (Bibl.15) 

For a la rge  body (PO/D 9 1) with a moderate potent ia l  

[ see  eqs.(29) and (43)], we have 

The r e s u l t s  of a numerical integrat ion of eq.(50) are presented i n  Fig.12 

which gives t h e  r a t i o  between the  f lux  densi ty  of t h e  a t t r ac t ed  i n f i n i t e  part- 

Fig. 12  

i c l e s  j i n t +  and the  unperturbed flux dens i ty  j0 near t h e  surface of a la rge  body 

(Po/D 1) as a funct ion of low (a) and high (b) body potent ia ls .  It can be 
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seen that, as ‘90 increases,  t h e  f lux becomes constant within t h e  limits of 

j i n f +  - l .5$ . If , however, the  potent ia l  (PO is  s u f f i c i e n t l y  large,  i .e. , 

then  it apparently of ten  happens i n  r e a l i t y  (see Section 5) that 

i.e., t h e  flux increases g rea t ly  and may exceed by severa l  times the  unperturbed 

value of f l w  j, (Fig.12b) 

The calculat ion of t h e  pa r t i c l e  f l u x  a t  some dis tance from t h e  body i s  

I n  t h i s  case, eq.(43) can no longer be used f o r  the  body more complicated. 
+ surface ( r  = PO), and t h e  quant i ty  j l n r  (F) m u s t  be calculated w i t h  respect t o  

a given surface of another body (e.g. a probe, Fig.11) while taking in to  account 

t he  perturbation it introduces. Here it is  a l s o  important t o  make allowance 

f o r  t he  f l u x  of ref lected pa r t i c l e s  and f o r  t he  shadow e f f e c t .  As a r e s u l t ,  t h e  

flux dens i ty  a t  t h e  probe is no longer a centro-symmetric function, and a cal- 

cula t ion  of the t o t a l  f l u x  requires integrat ion of  t h e  complex function j(F). 

Sect ion 5. Potent ia l  of t h e  Body i n  a Plasma 

The question of the  poten t ia l  of an  a r t i f i c i a l  sa te l l i te  is a highly /?5 
t o p i c a l  problem. 

a body, i n  a number of cases, cannot be correct ly  determined unless t h e  body 

This i s  not only because the  perturbation i n  the  v i c i n i t y  of  

po ten t i a l  is  known; it is  a l s o  perplexing that t h e  theo re t i ca l ly  expected po- 

t e n t i a l  which should be assumed by a body moving i n  a plasma is ,  a t  first 

glance, only a f r ac t ion  of t he  potent ia l  o f ten  obtained i n  d i f f e ren t  experiment$. 
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Let us evaluate t h e  po ten t ia l  of a body i n  plasma. A t  some point on t h e  

body surface t h e  poten t ia l  is  determined from t h e  condition of equal i ty  of t he  

electrons and ions adsorbed a t  t h i s  surface i n  u n i t  time. Here, s ince  t h e  elec- 

t ron  veloci ty  v, 9 v i ,  t h e  body should be negatively charged. I n  f a c t ,  l e t  us 

first examine a body a t  rest, on which electrons and singly-charged ions a r e  

incident.  Let us assume Ne = Ni and T, = Tl A t  any point i n  the  plasma, t he  

r a t i o  of t h e i r  fluxes across a unit  area is  j,/jl = v,/vi B 1. Therefore, when 

such pa r t i c l e s  bombard a body, i ts  surface w i l l  be charged u n t i l  t h e  f luxes a t  

a given point become equalized. This is  possible i f  t h e  flux of e lectrons 

s t r i k i n g  the  body decreases, i .e.,  i f  t he  body acquires a repe l len t  negative 

charge. 

body will be 

Then t h e  e l e c t r o n - f l u x  density a t  t h e  point s on the  surface of t h e  

The ion flux (see above) has a more complex dependence on the  potent ia l  

Since, however, we are in te r -  and increases with increasing lcp,, I i f  Cp, < 0. 

ested i n  the  maximum expected values of c p s ,  it may be assumed that, about the  

body, j,, - j ,o  = (b/V) vl [see eq.(kl)], i .e . ,  j,, equals t h e  flux a t  cpo = 

= 0. This should lead t o  a small error.  In  f a c t ,  s ince the  obtained values of 

N 

‘9, are low, they a r e  not much affected by the  use of t h e  potential-dependences 

of jl given i n  the  preceding Section. The equal i ty  between the  absorbed elec- 

t rons and ions a t  t h e  body surface,  taking in to  account t h e i r  r e f l ec t ion  fac tors  

p, and p i ,  yie lds  the  r e l a t ion  

o r  

( 54) 

(55) 



I 
whence it follows that 

Froceeding from t h e  premise that P,, and Pi are small, i.e., that t h e  body 

mainly absorbs pa r t i c l e s ,  we can f ind  from Table 1 t h a t ,  correspondingly, i n  

t h e  ionosphere (media I and 11) and i n  t h e  interplanetary medium IV 

cps x (0.7 + 1.3) v ,  (pa 2 v . 

f o r  a body a t  rest. 

I n  the  ionosphere (media I and 11), however, t h e  po ten t i a l  acquired by a 

For the  leading edge of the  body t h i s  rap id ly  moving body must be e s t b t e d .  

po ten t i a l  i s  readi ly  determined by using eq. (54) and subs t i tu t ing  i t s  expression 

f o r  ion flux by eqs.(34) o r  (36). Ultimately, a t  cos - 1 (cf .  F ig . l l ) ,  we have 

and f o r  a rapidly mving  absorbing body (P, = 0, P i  E 0) 

rps = (0.4 - 0.9) v. 

The poten t ia l  (9, a f t  of t h e  body i s  d i f f i c u l t  t o  calculate  i n  pract ice  

s ince  t h e r e  are no s u f f i c i e n t l y  simple and exact formulas of t he  ion and elec- 

t ron  f lux dens i t ies  f o r  t h i s  region, if t h e  e l e c t r i c  f i e l d  of t h e  space charge 

i s  taken in to  account. For a metall ic body whose poten t ia l  should be constant, 

(PO = 'ps everywhere on the  surface i n  view of t h e  f a c t  that, though t h i s  specif-  

i ca l ly  appl ies  t o  the  leading edge, the f lux incident  on the  t r a i l i n g  edge is  

extremely small. 

For a d i e l e c t r i c  body with a nonuniform surface,  t he  poten t ia l  may vary 

grea t ly  from point t o  point,  par t icular ly  if  the  difference between the  ref lec-  
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t i o n  f ac to r s  pi and Pe is taken in to  account. This picture  i s  complicated by 

the  d i f f e ren t  processes of emission of pa r t i c l e s  from the  body surface and the  

photoeffect, which reduce t h e  negative value of t h e  body potential .  

t he  poten t ia l  a t  t h e  t r a i l i n g  edge of a moving body will increase because of 

t h e  decrease i n  the  ion flux r e l a t i v e  t o  the  e lec t ron  flux. 

Apparently, 

This accounts f o r  the  s c a t t e r  of t he  experimental data  presented i n  the 

l i terature.  

i s t i c s  of a probe indicate  that t h e  potent ia l  of a n  a r t i f i c i a l  sa te l l i te  (or ,  

more exactly,  of the  portion t o  which t h e  probe is  attached) varied with t h e  

m t i o n  of t he  s a t e l l i t e  v i r t u a l l y  f r o m  zero t o  -(12 - U+.) v,  i.e., became much 

higher than t h e  value of cps [see eq.(59)] obtained above. 

Thus, t he  findings by Sharp (Bibl.17) on t h e  volt-ampere character- 

Such a s i t u a t i o n  

presents a number of d i f f i c u l t i e s .  

F i r s t ,  although i n  nature t h e  establishment of t h e  body poten t ia l  i s  a 

complex process, t h e  t heo re t i ca l  e s t h t e s  of cp, must be correct  unless some 

major e f f e c t s  a r e  overlooked. 

Second, s ince  the  poten t ia l  of t h e  body i s  determined i n  the same experi- 

ments and with the  same instruments as are used t o  measure pa r t i c l e  fluxes, the  

doubt arises whether t he  e r r a t i c  behavior of t h e  poten t ia l  m y  not be due t o  

t h e  u n r e l i a b i l i t y  of t he  method of  principal measurements. 

might be a t t r i b u t a b l e  t o  the  frequent failure t o  employ correct t heo re t i ca l  

formulas f o r  analyzing the  experimental f indings.  

I n  par t icu lar ,  t h i s  

Third, t h e  fact of t h e  absence of r e l i a b l e  data  on the  poten t ia l  of the  

body a t  t h e  moment of measurements makes the  resu l tan t  data  unsuitable f o r  a 

su f f i c i en t ly  accurate  interpretat ion.  

Therefore, t h e  developnent of a l t e rna te  methods of determining the  potent- 

i a l  of t he  body i s  a highly important task. We bel ieve that, i n  par t icu lar ,  



simultaneous measurement of the potential  a t  d i f fe ren t  distances from the  body 

and a rigorous theoret ical  analysis of t he  data (Bibl.10) should be a suffi- 

c ient ly  s t r i c t  and pure method. 

q(F)  i n  t he  near zone of a rapidly moving body, par t icu lar ly  i f  the e f fec t  of 

the  e l e c t r i c  f i e l d  on the ion motion for & = 0 i s  neglected, w i l l  lead t o  t h e  

following simple formulas. Ahead of t h e  body, beyond the limits of  the  double 

layer  (PO % D ) ,  we have 

Note t h a t  calculations of the f i e l d  potent ia l  

zlT N i ( 7 )  
e No 

rp(F) =-ln-. (59) 

This corresponds roughly t o  Ne 2 Ni For the  ionosphere (media I and 11) 

i n  t h i s  region we have a maximum o f  cp(F) 5 xT/e = (0.1 - 0.3) v. 

layer, i.e., near the  very surface, t h e  potent ia l  q(F)  tends toward % .  

I n  t h e  double 

Downstream of the  body, i n  the f a r  zone, i.e. a t  distances r > PO (&/vi ), 

where 6Ni(r) can be 

A t  t h e  double-layer 

determined by means of t he  formulas given i n  Section 3A.  /27 

boundary, ( r  - PO)  - D, 
cp(7) =GIn( e $)z 

and i n  the  ionosphere (see Tables 1, 2) t h e  potent ia l  reaches approximately 

ll(XT/e), i . e . , w i l l  be of the  order o f  (1.3 - 2.8) V. 

t h e  body, close t o  it, q ( r )  already markedly exceeds the  potent ia l  cp, upstream 

of t h e  body [eq.(57)]. 

on the  potent ia l  cps a t  the  t r a i l i n g  edge of  the body. 

Clearly, downstream of 

This demnstrates t h e  va l id i ty  of the above reasoning 



Sect ion 6. Exci ta t ion of Longitudinal  asma ma Waves 
t 

The problem of the  exci ta t ion of o sc i l l a t ions  and waves by a body mving  

i n  a plasma and of t h e  nature of t he  s t a b i l i t y  of t he  perturbation a r i s i n g  i n  

t h e  v i c i n i t y  of t h e  body requires t h e  so lu t ion  of t h e  nonlinear k ine t ic  problem 

f o r  a body of f i n i t e  s ize .  

dary conditions, which should appreciably a f f e c t  t h e  character  of t he  s t a b i l i t y .  

Here it i s  important t o  take i n t o  account t he  boun- 

So far, however, we know of  no successful invest igat ions of t h i s  kind. There- 

fo re ,  t o  assess  the  expected e f f ec t s ,  an  examination of  t h e  general properties 

of t h e  var ia t iona l  r e l a t ion  w i l l  have t o  suf f ice .  It u l t imate ly  turns  out  

t ha t ,  f o r  the  case of a single-temperature plasma, t h e  expected exc i ta t ion  of 

t he  Cherenkov rad ia t ion  type i s  apparently weak, s ince the  Landau damping Y f o r  

these  waves is of t h e  order of t he  o s c i l l a t i o n  frequency w. As is  known, t he  

damping of the  waves becomes small only a t  T, B T i .  I n  t h i s  case, however, 

t h e  waves i n  plasma a r e  of  a hydrodynamic ra ther  than of a k ine t ic  nature and 

Langmuir-Tonks ion waves are excited. The damping y becomes small and even 

pos i t ive  when a s u f f i c i e n t l y  la rge  d i rec t iona l  r e l a t ive  ve loc i ty  between elec- 

t rons  and i o n s  exists i n  the  plasma. This is  the  case of t h e  so-called beam 

i n s t a b i l i t y  of  plasma. With respect t o  a large body a t  r e s t ,  t h i s  case has 

been investigated by Jaffe (Bibl.21). It i s  not impossible that precisely such 

conditions my occasionally a r i s e  i n  t h e  v i c i n i t y  of an  a r t i f i c i a l  s a t e l l i t e .  

The va r i a t iona l  equation f o r  longitudinal plasma waves, taking in to  account 

e lec t ron  and ion motion, a t  f 0, has t h e  form (Bibl.18, 19) 
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. 
Here the wave number k i s  expressed by m/vph taken as real, while vph i s  

the phase velocity of the longitudinal waves, 6 i s  the angle included by the 

wave vector k and the magnetic f i e l d  G ;  I,(p) i s  the Bessel function of the 

imaginary argument, namely, the function 

where y is t he  Landau damping factor.  A t  &, = 0, the var ia t ional  equation (62) 

has the simplified form 

Equations (62) and (64) contain two bracketed terms. These terms de- /28 
scribe high-frequency (electron) and low-frequency (ion) plasma waves, respect- 

ively. 

V p h / V i .  For high-frequency waves, 

One of these terms contains vph/v, as the  argument, and the  other, 

For low-frequency waves (m - a) in the case i n  which T, = Ti and v,/vI B 

P 1, eq.(64) reduces t o  the  form of 

The solution of the var ia t ional  equation (65) f o r  w - ro, i s  represented by 

(Bibl.20): 



c 

a2 = 0 2  + 3(2T / m ) P .  

I n  t h e  v i c in i ty  of m -  q, we always have vph/v, B 1, since the phase 

For m differ ing from q,, we have velocity here increases without bounds. 

(67) 
vph - (00 / ( 0 )  VC. 

Since wanted i s  the Cherenkov-radiation type excitation caused by a body 

moving a t  a velocity V,, the condition vph/V0 < 1 o r  

vo 7 ( 0 0  / O ) u e *  ' 

i s  a prerequisite here. 

Fig. 13 

This last  condition i s  sat isf ied only if q,/m < 1, since v,/Vo $1. How- 

ever, eq.(68) i s  equivalent t o  t h e  case Dk % l. For this case, as shown rela- 

t i ve ly  ear ly  by Landau (Bibl.20) when he first discovered the attenuation spe- 

c i f i c  f o r  plasma waves, y i s  extremely large,  namely, 

since 5 ,  determinable from the equation 

magnitude equal t o  d-2 1. 

t o  exp [ i ( m  + i y ) t ]  are damped very rapidly. 

= 1 %& (kD)2, i s  of an order of 

Thus, high-frequency osc i l la t ions  proportional 

When the magnetic f i e ld  i s  non- 
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C 
zero, t h e  damping of high-frequency waves i s  also large; y i s  determined by a 

re la t ion  of the type of eq.(69). 

For ion-plasma waves i n  the case T, - T ,  of i n t e re s t  here, the r e su l t s  of 

an analysis of eq.(66) f o r  the region V p h / V g  < 1 are given i n  Figs.13 and l4*. 

Fig. 14 

figure 14 presents the r a t i o  Vph/Vl  a s  a function of the r a t i o  of the fre- 

quency w t o  the ion plasma frequency Q,. 

decreases, the phase velocity increases, reaching a maximum vpb ;; 1.46 vi a t  

w = 0. Thus, longitudinal waves w i t h  a phase velocity of vph > 1.46 vi a r e  

impossible i n  a plasma, which i s  logical  when considering t h a t  sonic waves are 

the  l imit ing case of ion-plasma waves ( w  = 0). Figure 14  implies, i n  particu- 

l a r ,  t h a t  the velocity of sonic waves i n  a kinet ic  approximation exceeds the  

hydrodynamic velocity of sound. 

It i s  obvious that, a s  the frequency 

The solution of eq.(66) has an in f in i t e  number of branches, i.e., a dis- /2q 

Crete s e t  of values of the frequency w corresponds t o  each p a i r  of values of 

* The author i s  indebted t o  N.I.Bud'ko, who calculated the curves given in 
Figs.13 and 14. 

50 



vph and y satisfying eq.(66). 

Fig.15, which gives y/w a s  a function of vph/vl shows three branches of the 

solution f o r  the variational equation ( 6 5 ) .  

and 3.00, where o) = 0, we have correspondingly y/w = 0.38, 0.78, and 0.83. 

branches (2, 3 )  describe waves with a phase velocity exceeding tha t  of the 

branch (l), but the  damping of these waves i s  much greater. 

be seen t h a t  longitudinal ion-plasma waves a re  rapidly attenuated throughout 

the frequency range. 

Figure 14 shows only one branch vph(w), while 

A t  the  points vph/vi = 1.46, 2.36, 

The 

From Fig.14 it can 

Section 7. Evaporation (Ekosion) from the  Surface of an A r t i f i c i a l  
Earth S a t e l l i t e  i n  Plasma 

The plasma region surrounding an a r t i f i c i a l  s a t e l l i t e  i n  the ionosphere 

o r  i n  the  interplanetary m e d i u m  apparently must be constantly occupied by 

"foreignn pa r t i c l e s  owing t o  evaporation, erosion, and other  processes of l iber-  

a t ion  of pa r t i c l e s  from t h e  surface of the  body. 

plasma may.be detected, f o r  example, by mass-spectrometry. Molecules a l ien  t o  

the plasma should continually f l y  off the body surface and be ionized owing t o  

so la r  radiation. 

This "contamination" of the 

However, the process of this ionization i s  extremely slow. The ionization 

time i s  very long and approximately equals 

where (J = cross section f o r  ionization and s/sl i s  the flux of ionizing quanta 

per second. The time taken by t h e  par t ic les  t o  recede t o  a cer ta in  distance 

from the  body surface, fo r  example, to  the distance r - lo2 cm, equals r/v, - 
- l(r2sec. Therefore, i n  this region N,/n, N lo-', where n, and N, a r e  the 
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concentrations of ex t ra  neut ra l  p a r t i c l e s  and electrons,  respectively.  

The r a t e  of l i b e r a t i o n  of p a r t i c l e s  from t h e  body surface i s  v, - 
- ̂J2xT,/M,, where T, denotes the  surface temperature of t h e  body and M, i s  the  

mass of evaporated pa r t i c l e s .  Therefore, the  p a r t i c l e s  at first recede slowly 

from the  body. Gradually, a t  g rea te r  d i s tances  from the  surface, they acquire 

the  thermal ve loc i ty  of the  ambient medium and d i f fuse  rapidly.  Near the  body 

i t s e l f ,  however, a s u f f i c i e n t l y  la rge  concentration n, of newly produced 

p a r t i c l e s  may exist, r e su l t i ng  i n  continuity of t he  ac t ion  of the  source. 

assuming t h a t  v, - 104, which corresponds t o  the  expected values of T, and M, 

a t  a dis tance from the  body equal t o  i t s  s i ze ,  pow l o2  cm, which i s  t raveled 

by the  p a r t i c l e  within 1C2 sec, i n  the presence of a p a r t i c l e  f lux  of j = 

Thus, 

= (nv), - 163 - lo8 atoms cmm2 sec" (see below), the average concentration 

apparently w i l l  be 
n, - (104 - 106) at .  cm-3. 

The p ic ture  changes somewhat i f  aggregates of p a r t i c l e s  ra ther  than in-  

dividual  p a r t i c l e s  a r e  l i be ra t ed  a t  the surface. 

O f  course, the  r o l e  played by the extra p a r t i c l e s  will be appreciable only 

if n, 4 n r ,  i.e., a t  dis tances  of > 5000 - 3000 km from t h e  Earth. 

I n  theory, it i s  hardly possible a t  present t o  calculate  the f l u x  J, = 
- 

= (nv), of t he  p a r t i c l e s  produced under the  ac t ion  of various processes. E s t i -  

mates a r e  based so le ly  on the  r e s u l t s  of experimental da ta  obtained by means of 

a r t i f i c i a l  s a t e l l i t e s  and rockets. 

f l u x  J = (nv) of p a r t i c l e s  l ibera ted  by a gold p l a t e  a s  a function of t he  a l t i -  

McKeown (Bibl.22), f o r  example, gives the  
- 

tude of the  a r t i f i c i a l  s a t e l l i t e .  

dent  flux ( the  s a t e l l i t e  w a s  s t ab i l i zed )  and represented the electrode of a 

The p l a t e  was posit ioned normal t o  the  inc i -  

quartz-crystal  o sc i l l a to r .  The loss of gold was  determined according t o  the 
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corresponding beat  frequency of another o sc i l l a to r .  

from 216 km t o  810 km the  p a r t i c l e  f lux varied within t h e  range 

As t he  a l t i t u d e  increased 

i.e., the  evaporation r a t e  was 5 5 X 1Cr6 atoms pe r  molecule of incident  (30 

flux. 

McKeown (Bibl.22) a l so  gives  the  following values of J f o r  metals (alumi- 

num, zinc, i ron,  magnesium, l i th ium)  with a surface temperature varying within 

the  limits of T, - 100 - 1008. 

Signi f icant ly ,  the sublimation r a t e  of p a r t i c l e s  depends sharply on T, and 

increases  by le t o  1$ times when the temperature changes by a f a c t o r  of 

1.5 - 2. 

evaporation rate occurs, depends on the proper t ies  of t he  m e t a l .  

be borne in mind when analyzing various data  provided by an a r t i f i c i a l  s a t e l l i t e  

o r  a spacecraf t  whose surface consis ts  of mater ia ls  of d i f f e r e n t  types and 

whose surface temperature va r i e s  within extremely wide limits. Note t h a t  the  

vacuum sublimation rates of such materials as polymers, nylon, su l f ides ,  vinyl  

chloride,  reach - 3 X lU9 by weight of the  mater ia l  pe r  second. 

Of course, the  region of T, within which such a rapid increase i n  

T h i s  should 

In  the  rad ia t ion  b e l t s ,  t he  erosion r a t e  of matter due t o  co l l i s ions  with 

protons of N 1 Kev energy i s  close t o  t h e  lower limit obtained elsewhere 

(Bibl.23): 

protons with energies of 0.5 - 20 Kev a r e  produced, J - 18 - Id1 atoms 

sec’l, wh i l e  t h e  value a t  quiescent so la r  radiat ion (protons with - 3 Kev) i s  

J - 108 atoms cm-’ sec’’. 

J - lo7 atoms cm-2 sec”. During the per iods of so l a r  f l a r e s ,  when 

Various f indings ind ica te  t h a t  t he  erosion due t o  meteor i t ic  matter l i e s  
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a: 

within the  limits of the range of values of J given above. 

Conclusions. It w a s  shown above t h a t  various phenomena occur i n  the  

v i c i n i t y  of an a r t i f i c i a l  s a t e l l i t e  o r  spacecraft  moving in t h e  ionosphere o r  

in te rp lane tary  medium. 

on the  geometrical and physical propert ies  of the  body as well a s  on the  prop- 

e r t i e s  of t he  plasma and t h e  radiat ion fluxes i n  which the  body moves. 

inves t iga t ion  of these phenomena is of grea t  s c i e n t i f i c  interest as an auto- 

nomous branch of plasma studies.  Moreover, knowledge of t h e  nature of these 

e f f e c t s  i s  also extremely important t o  t h e  solut ion of a number of s c i en t i f i c -  

technical  and p r a c t i c a l  problems. 

s a t e l l i t e s  as labora tor ies  f o r  research on the  ambient m e d i u m  i s  impossible un- 

less t h e  influence of t h e  above e f f e c t s  on the  various experiments i s  taken i n t o  

account, as we have repeatedly pointed out  i n  e a r l i e r  s tud ies  (Bibl.2, 3, 10). 

The nature of this complex of phenomena depends both 

The 

The exhaustive u t i l i z a t i o n  of a r t i f i c i a l  

Lack of space prevented t h e  discussion of ce r t a in  addi t iona l  e f f e c t s  ob- 

served about t he  body. 

plasma (Bib1.23) has not  been investigated.  

l a r g e  f i e l d s  i n  the  plasma. 

p a r t i c l e s  near the  antenna and i n  a marked per turbat ion of the  plasma. 

plasma frequency when w -+ %, this e f fec t  becomes grea t ly  magnified. 

e f f ec t ,  described elsewhere (Bibl.24), cons is t s  in t h a t ,  on passing a radio- 

frequency f i e l d  through two capacitor p l a t e s ,  with the  body of t he  a r t i f i c i a l  

satellites used a s  one of the p l a t e s ,  a weak d i r e c t  current a r i s e s .  When w -+ 

-+ q,, t h e  current i n t e n s i t y  increases great ly ,  i.e., a d i s t i n c t i v e  de tec tor  

resonance e f f e c t  of the  plasma i s  observed. 

has  been advanced f o r  t h i s  extremely in t e re s t ing  e f f e c t  which i s  important t o  

inves t iga t ions  of the  plasma near the Earth. 

For example, the  e f f e c t  of the high-frequency f i e l d  on 

A rad ia t ing  antenna w i l l  c rea te  

This results i n  a strong pressure on the  charged 

A t  the  

Another 

So f a r  no theo re t i ca l  explanation 

Moreover, the  experiments de- 
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scribed leave cer ta in  questions unanswered, such a s  the f r i c t i o n  of electro- 

magnetic origin, produced, fo r  example, by the interaction between the  e l ec t r i c  

and magnetic f i e l d s  formed i n  the  vicini ty  of the body and the outer magnetic 

field.  
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